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Renal metabolism of glutamine in rats with acute renal failure. Acute
renal failure induced by glycerol results in increased metabolism of
glutamine by renal cortical slices of rats 16 and 36 hr after onset, and
there is also increased glutamine uptake by the kidney in vivo.
Metabolism of glutamine and glutamate to glucose is inhibited. At 8
days after onset of renal failure, metabolism of glutamine returns to
normal. Initially, activities of phosphate-dependent glutaminase (PDG)
and glutamate dehydrogenase are depressed. The activity of glutamin-
ase returns to normal by 8 days, but glutamate dehydrogenase activity
is still inhibited. Increased ammoniagenesis and glutamine uptake are
mainly a result of increased entry into the cell since activity of
glutaminase is inhibited.
Métabolisme renal de Ia glutamine chez des rats en insuffisance rénale
aiguë. L'insuffisance rnale aigue induite par le glycerol entraine une
augmentation du métabolisme de Ia glutamine par des tranches de
corticale rénale de rats 16 et 36 hr aprés le debut et il y a egalement une
augmentation de Ia captation de Ia glutamine par le rein in vivo. Le
métabolisme de Ia glutamine en glutamate et en glucose est inhibC.
AprCs 8jours, le métabolisme de Ia glutamine revient ala normale. Les
activités glutaminase dependant du phosphate et glutamate deshydro-
genase sont diminuées. L'activité PDG retourne ala normale en 8jours,
mais l'activité glutamate deshydrogCnase reste inhibee. Une augmenta-
tion de l'ammoniogénèse et de Ia captation de Ia glutamine sont le
résultat de l'augmentation de l'entrCe dans Ia cellule puisque La gluta-
mate est inhibée.
Acute renal failure induced by a number of agents is associat-
ed with ischemia, cell swelling, decreased oxidative metabolism
and impaired transport functions [1]. Experiments on the effect
of renal failure on renal metabolism show that ammoniagenesis
and gluconeogenesis from glutamate are inhibited in the early
stages of acute renal failure induced by glycerol [2]. Our studies
in vitro with metabolic inhibitors such as azide and maleate,
which lower cellular ATP, show that they also inhibit ammonia-
genesis and gluconeogenesis from glutamate. Normally howev-
er, glutamine rather than glutamate is the amino acid which is
utilized by the kidney. With glutamine as the substrate the
metabolic inhibitors cited above stimulate glutamine uptake and
ammoniagenesis while gluconeogenesis is inhibited [3]. It,
therefore, seemed appropriate to investigate the renal metabo-
lism of glutamine in rats in which renal failure had been induced
with glycerol.
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Methods
Acute renal failure was induced in rats that weighed 150 to
250 g by an intramuscular injection of 50% (v!v) glycerol, I ml!
100 g body weight, following dehydration for 24 hr. Control rats
received injections of 0.9% saline. Animals were then allowed
access to water and food and were sacrificed at 16 hr, 36 hr, and
8 days later. The rats were fasted overnight prior to experimen-
tation. Our methods of preparation and incubation of cortical
slices, measurement of ammoniagenesis, gluconeogenesis, and
glutamine uptake have been described previously [4]. Blood
withdrawn from the abdominal aorta was used for the measure-
ment of pH, Pco2, serum urea and creatinine concentrations.
For measurement of arterio-venous differences of glutamine
across the kidney, 0.5 ml of blood was withdrawn slowly from
the renal vein and a similar sample then taken from the
abdominal aorta from rats under pentobarbital anesthesia.
Glutamine and glutamate were measured by standard enzymat-
ic assays and phosphate-dependent glutaminase was assayed by
measuring glutamate as the product [5]. Glutamate dehydrog-
enase was measured in homogenates of renal cortex [6], and
protein was measured by the Biuret method.
Results
Sixteen hours after glycerol administration, serum urea and
creatinine levels were sixfold higher than in controls. At 36 hr
these levels were still elevated. Sodium, potassium, and chlo-
ride in serum were at normal concentrations, and plasma
bicarbonate levels were not significantly lower than in controls
(Table 1).
Tissue swelling. The kidneys from rats 16 and 36 hr after
induction of acute renal failure appeared larger than those of
controls. As shown in Table 2, wet:dry weight ratios and the
percentage of water in whole kidneys had increased significant-
ly. Eight days after the insult, the kidney swelling appears to
have regressed.
Glutamate metabolism. The ability of the kidney cortical
slices to produce ammonia and glucose from glutamate was
inhibited to approximately the same extent at all times studied
(Table 3).
Glutamine metabolism. As shown in Table 4, ammoniagene-
sis and glutamine uptake were increased significantly at 16 and
36 hr while glucose production was depressed markedly. The
ratio of ammonia formed to glutamine utilized was little
changed at 16 hr but by 36 hr had fallen to 1.0 indicating that
ammonia production was largely due to deamidation of gluta-
mine by glutaminase. There was marked accumulation of
glutamate in the medium at both times, but it was most marked
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Saline, 16 hr 56.6 3.3 7.4 1.1 20.8 0.8 (8)
Glycerol 360.2 11.6' 53.3 1.3" 20.5 0.9 (10)
Saline, 36 hr 29.3 5.2 9.1 1.7 20.9 0.5 (11)
Glycerol 296.6 12.2" 50.3 2.1" 19.1 0.9 (8)
Table 2. The effect of acute renal failure on wet:dry ratios and water
content of whole kidneys
Wet:Dry ratio
Saline, l6hr
Glycerol
4.51 0.02 (6)
4.79 0.07" (8)
77.8 0.1 (6)
79.4 0.3" (8)
Saline, 36 hr
Glycerol
4.59 0.07 (3)
5.42 0.03 (4)
78.2 0.3 (3)
81.6 0.1" (4)
Saline, 8 days
Glycerol
4.66 0.04 (6)
4.68 0.03 (6)
78.6 0.2 (6)
78.7 0.2 (6)
SEM with the number of observations in
at 36 hr. At 8 days, glutamine uptake and ammoniagenesis had
returned to normal values, but glucose production was still
inhibited, and there was still increased accumulation of gluta-
mate in the medium.
Renal a-v differences for glutamine. Because of the marked
increase in glutamine uptake and ammoniagenesis by kidney
slices 36 hr after the onset of ARF, we measured arterio-venous
differences across the kidney for glutamine. There was a
significant increase from 0.090 0.015 (N = 7) to 0.172 0.02
(N = 7) smoles/ml.
Phosphate-dependent glutaminase activity. Glutaminase ac-
tivity was measured at saturating and subsaturating concentra-
tions of glutamine in homogenates of kidney cortex from rats
killed 36 hr after an injection of glycerol. As seen in Table 5
there was a decrease in specific activity at both concentrations
of glutamine and this had returned to normal by 8 days.
Glutamate dehydrogenase activity. Glutamate dehydrog-
enase activity was measured in kidney cortex homogenates
from rats 16 hr, 36 hr, and 8 days after the induction of acute
renal failure. As seen in Table 6, enzyme activity was inhibited
at 16 hr and remained depressed at 8 days.
Discussion
The results of this study show that in the early stages of acute
renal failure the kidney of the rat is capable of enhanced
utilization of glutamine. At this time the oxidative metabolism is
depressed [1]. Increased utilization of glutamine by the kidney
has normally been associated with increased activity of gluta-
minase as in chronic metabolic acidosis [71. At least if there has
Table 3. Effect of injection of glycerol on metabolism of glutamate
(2 mM) by
Ammonia production
Time after injection p.moles/hr/
Glucose production
g dry wt
Saline, 16 hr
Glycerol
139.2
46.1
10.9
5•9a
(12)
(12)
54.0 2.4 (6)
12.8 0.8' (12)
Saline, 36 hr
Glycerol
102.3
22.9
4.8
3.4"
(12)
(6)
41.2 2.6 (12)
14.2 0.9" (12)
Saline, 8 days
Glycerol
113.8
41.4
6.5
5.8"
(6)
(6)
42.8 4.2 (6)
16.6 5.3' (6)
not been an increase in the enzyme Vmax there has been a
decrease in Km, allowing for an increased metabolism of
glutamine as occurs in acute metabolic acidosis $1. In our
experiments there was a reduction in activity of glutaminase.
The increased utilization of glutamine in vitro is accompanied
by an increase in arterio-venous difference in vivo. We propose
that this increase in glutamine utilization is due primarily to an
increase in entry of glutamine into the cell. If this is correct, we
should examine the possible causes of increased entry of
glutamine into the renal cells in acute renal failure.
We have shown that there is cell swelling in kidneys of rats
with acute renal failure; this has also been documented previ-
ously [2]. It has been found that under conditions of inhibition
of respiration by ischemia or metabolic inhibitors, there is
indeed cell swelling; our previous experiments show that under
these circumstances there is enhanced glutamine utilization [3].
There is increased activity of the renin-angiotensin system in
acute renal failure [9], and angiotensin increases ammoniagene-
sis from glutamine by renal cortical slices [10]. Thus, increased
angiotensin levels could be causing increased glutamine uptake.
This is unlikely to be the whole explanation since angiotensin
levels are returning to normal at 36 hr after induction of acute
renal failure, and at this time there is the greatest degree of
enhancement of glutamine utilization.
Preuss et al [1] in similar studies of acute renal failure showed
that at 24 hr there was pronounced swelling of the renal
mitochondria as well. It has been shown that mitochondrial
swelling results in activation of glutaminase [11]. It is possible
that this phenomenon was in part responsible for the increase in
glutamine deamidation early in acute renal failure. However,
we must note that at a time when mitochondria were swollen,
there was depression of glutaminase activity in the homoge-
nates of kidney cortex.
A comparison of the results of 8 days with those from earlier
times is of interest. Early in acute renal failure there was
increased glutamine uptake and ammoniagenesis but a depres-
sion of gluconeogenesis existed. At 8 days, presumably in the
recovery phase, there was normal ammoniagenesis and gluta-
mine uptake but gluconeogenesis was still depressed. In the
early stages, there was cell swelling and increased entry and
deamidation of glutamine. The increased entry must have been
great enough to overcome the effect of the decrease in enzyme
activity. However, because there cannot be further metabolism
Table 1. Serum creatinine, urea, and plasma bicarbonate
concentrations 16 and 36 hr after glycerol injection'
Urea Bicarbonate
Time after
injection
Creatinine
molesIliter rnmoleslliter
a The values are means SEM with the number of observations in
parentheses.
"P< 0.001.
Time after
injection
Numbers in parentheses refer to observations made.
a p < 0.001.
Water
%
a The values are means
parentheses.
P < 0.001.
642 Anderson Ct al
Numbers in parentheses refer to observations made.
P < 0.05.
P <0.001.
of glutamate, there was an inhibition of gluconeogenesis. The
depressed metabolism of glutamate which has been shown here
was also found by Preuss eta! [11. However, at 8 days there was
no evidence of tissue swelling; glutamine entry and glutaminase
activity returned to normal but we noted that gluconeogenesis
was still depressed because the activity of glutamate dehydrog-
enase was still reduced.
There are two further aspects of the increased glutamine
metabolism which may be relevant. There may well be in-
creased tissue accumulation of ammonia which may be toxic to
cells. It has been shown that in the early stages of acute renal
failure there is a rapid increase in RNA, DNA, and protein
content [2]. Increased glutamine metabolism may well be
important for nucleotide synthesis and tissue regeneration [12].
The results of our experiments are internally consistent and
consonant with the thesis that in acute renal failure glutamine
metabolism is the result of a balance between increased entry
into the cell and depressed activity of the two key enzymes of
glutamine metabolism. With recovery these processes change
at different rates, and we see the effects of these changes on
glutamine metabolism.
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Saline, 8 days 75.2 12.9 (6)
Glycerol 31.5 6.8a (8)
Numbers in parentheses refer to observations made.
a p < 0.001.
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Production of ammonia Production of glucose
Table 4. The effect of injection of glycerol on metabolism of glutamine (2 mM) by renal cortical slices
Time agent
Saline, 16 hr
Glycerol
Saline, 36 hr
Glycerol
Saline, 8 days
Glycerol
moles/hrIg dry WI
388.1 10,0 (10)
437.6 20,Oa (10)
397.2 29.0 (18)
512.8 26.Ob (18)
346.2 13.4 (IS)
306.2 13.9 (13)
Production of glutamate Uptake of glutamine
53.2 2.8 (12)
14.2 l.4 (12)
39.2 1.7 (18)
10.9 ÷ lOb (18)
38.7 2.9 (10)
18.1 2.2k (10)
79.5 8.! (18) 228.9 25.0 (10)
221.8 14.8' (17) 344.7 30.0" (10)
84.3 10.0 (18)
257.9 20.0 (18)
92.7 3.8 (4)
152.8 20.0" (5)
245.2 22.0 (16)
514.8 27.Ob (18)
272.5 46.8 (6)
241.3 + 48.0" (6)
Table 5. Effect of glycerol-induced acute renal failure on phosphate-
dependent glutaminase activity in kidney cortex homogenates
(ilutaminase activity
nmoles/n1in/mg protein
Table 6. Effect of glycerol-induced renal failure on glutamate
dehydrogenase activity in homogenates of kidney cortex
Time after Glutamate dehydrogenase activity
injection nmoleslminlmg protein
Time after
injection
Saline, 36 hr
Glutamine concentration
1.0 mri 20
16.9 ÷ 2.4 (8) 104.9
mM
10.7 (8)
Glycerol 9.3 1.0" (8) 78.8 4.1" (8)
Saline, 8 days 18.0 0.5 (4) 105.0 7.0 (4)
Glycerol 16.0 1.8 (4) 100.0 4.0 (4)
Saline, 16 hr
Glycerol
Saline, 36 hr
Glycerol
Numbers in parentheses refer to observations made.
"P < 0.01.
b P < 0.025.
69.7 6.1 (5)
27.5 1.5" (6)
68.6 6.7 (6)
35.8 4.l"(4)
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